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Abstract
An experiment to measure neutrino-electron scattering is described. The
neutrinos are generated in a beam stop from 890 MeV protons at LAMPF.
The expected precision on sin28y. The expected precision on sin20,, is
1%. The experiment also gives stringent hints on neutrino oscillations and

is sensitive to neutrinos from supemora collapse.

lnreduction

The Standard Model of elecroweak interactions ssems presently to be in excellent
shape. Measurements of the masses of W and Z, deep inelastic-neutrino scattering and
other less precise data have been amenable in a global analysis! to a description in terms of
a single value of sinzew after radiative corrections have been made, regardless of reaction
and momentum transfer. Itis widely believed that the three-family structure of quarks and
leptons is correct, and with this assumption the only serious uncertainty in the calculaton
of radiative corrections arises from the top-quark mass. Apart from this uncertainty, the
theoretical precision is considerably better than any likely expenimental accuracy in the near
future. This paper describes an experiment to extend the precision with which the Standard
Model can be test2d in a regime where accuracy has beenr difficult to achieve in the past.
Neutrino-electron scattering 1s theoretically clean, ¢cven at the one-loop level, and tests the

clectroweak theory in a way complementary to tests made at the Z pole. We also note that



the present best values for sinzt)w I neutrino-eiectron scattering come from the Brookhaven
experiment and from CHARM at CERN. The Brookhaven number is

sinZ8,, = 0.195+0.018 + 0.013 [2)
and the CHARM 11 preliminary result reported at the Munich conserence is also lower than
the globel value of 0.230 from Ref. 1. A top-quark mass higher than 45 GeV, which is
commonly used for no good reason, would go some way to explain this discrepancy.

In cartoon style, the radiauve corrections to the mass of the Z are descnibed by Fig 1.
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Figure 1.

These one-loop correctons can be separated into contribudons from leptons.
quarks, and bosons. The leptonic contribution (0.0328) 13 well specified since all the
lepton masses are known to sufficient precision; the largest vncertainty in th~ quark loop
conwibution is the top-quark mass, which varies as (m,/mw)z. The bosonic conmbuucn,
for example from the Higgs, is relatively small. Assuming that the top-Quark mass is 45
GeV the total radiative correction to the vector-boson mass is 0.0713 £ 0.00013 where the
error derives from uncerminty in input data to the theorewcal calculadon. If the top-quark
mass is known, then this erTor represents a limit to tests of the electroweak theory, at this
ume, it also represents a goal that the experiments can try to attain. If the top mass is not
known then the triad of measurements at the Z pole, the rano of W and Z masses, and
neutral-current scattering cas: attempt to define the top mass and verify that the radiaave
cormections are consistent with three families.

The neutnino Z vertex can only be reached wath any degree of precision fromn
neumno-neumal-current scastering. The diagram 1n Figure 1. is rypical of a set of one-loop

corrections to neutrino scattering, which must be venfied 1o complete the test of the



electroweak theony at this level. At present the most accurate tests of neutral currents are
the deep-inelastic-scattering experiments, which along with measurements of the boson
masses dominate the global fit referred to earlier. The quality of this fit has been interpreted

as limitng the top-quark mass to below 180 GeV.

Expenmental Method
Neutrino-electron-scattering measurements in the recent past have concentrated on

measurements of the ratio of v, to Cu electron scattering. The experiments relv on
changing the helicity of the neutrino beam through the focusing system and normalization is

accomplished using a known reaction, quasi-elastic scattenng.

vprn o M o+p
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Systematic errors anise in the use of two slightly different beams and reactions for
normalization. The LAMPF proposal is to measure the rato

o(vye~ — vyeo)
R=

o(vpe™ 2 vy e )+ o(vee™ -3 veeT)
Neutrines in the numerator anse from =™ decay, and in the denominator from p* decay.
The ratio of the flux in the numerator to that in the denominator is the same to better than
1%, with a difference only in that 1% of the pions decay in flight and the subsequent
neutrinos miss the detector because they are boosted to the forward dircction, but the
muons from n* decay all come to rest and decay isotropically. The shape of the spectra is

shown in Fig. 2.
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Figure 2.
They are probably among the best known spectra in physics. The delta function from n*
decay has a "width” given by the ratio of atomic energy scales divided by 30 MeV and
allows the possibility of a y measurement with excellent resolution. The separation of x*
decay and u* decay is made possible by a compressor ring that we shall Gescribe below.
The proton spill from this ring is approximately 250 ns, long compared to the pion lifeime
and short compared to the muon lifeume, giving a time dependence of neutrino flux shown

in Fig. 3.



In Fig 4. we show a schematic of the beam-delivery system.
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Figure 4.

The linac normally scoelerstes H ions 10 800 MeV. which are injected nw the proton
storage nng (PSR) used as a compressor ing. The beam is chopped so that the nng has an
empty space tor clean single-turn extmcuon giving a proton spill that is typically 250 ns in
duraton. This beam is ransporned (0 a beam stop in the center of a detector shown

schemaancally in Fig. §
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Figure 5. NOT TO SCALE

At these proton energies, the predominant background is from neutrons and by far
the most cost-effective shield is steel. The target is made mainly of copper, and the pions
are made and stop in the sanie material. Typically, the pions go about 10 cm in the copper
before coming to rest and decay in the case of x* and are absorbed in the case of x". Only
one-sixth as mauy x” as x* are made by the protons, and of these only 1% decay in flight
i are not absorbed. At LAMPF, the neutrinos from the beam stop form a very clean
1sotropic source of time-separated vyand (v + \7“).

The proton beam, after extraction from the PSR, is transported to the detector arca
and bent through 90° into the vertical beam stop. In Fig. 6 is shown a drawing of the
detector and beam stop with dimensions in meters. The iron thickness is adequate for

attenuation of the neutrons to an acceptable level.
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An isometric drawir.g of the entire system is showr. in Fig. 7.

Figure 7.

The active medium in the detector is water, with Cherenkov light from the recoii
clectrons detected with substantial photowube coverage following the design of the Kamioka
nucleon-decay detector. W~t~r is a particularly good medium in this application because it
combines adequate energy ar.d angular resolution for low-energy electrons at low relative

cost. In Fig. 8 is shown 20 12-MeV Monte Cari¢ generated




electron events in water and it is clear that, although the electron preserves the inital
direction to a great extent, the precision required to extract the angular informaton is not
great. The energy resolution in a water Cherenkov detector is also adequate providing that
a relative photocathode coverage greater than 15% can be achieved. In Fig. 9 is shown a
stooping muon event from the Kamioka detector the decay electron can also be clearly seen;

this represents a typical event for neutrino-electron scattering.




J* is necessary to calibrate the detector absolutely in energy to establish the energy
threshold for the experiment and the slightly different efficiency for the numerator and
denominator of the measured ratio. Again from Kamioka, we show a Michel spectrum
from muon decay in Fig. 10. The energy scale was established by using a Cf - Ni source,
which 1s a known gamma-ray source around 9 MeV. With this energy calibration. the

Monte Carlo match to the data in Fig. 10 is remarkable, given that there is
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Figure 10.
no further adjusumient to the energy scale. The Kamriola experiment establishes the

absolute energy scale to better than 3% by this method.



Experi | Progisi

The number of neutrino-scattering events shown in Table I reflects three years of
normal LAMPF beam time (3000 Hrs/yr) with half of the accelerated H™ ions injected irto
the PSR.

Table I
Events Yu Ve Vi
Generated in Sensitive region 16330 105470 17447
Reconstructed in the Fiducial region 10450 71265 11440
P.E. > 27 7524 54570 8505

With this degree of statistical precision, the requirements for systemic precision also
become severe. In Table II is shown a list of the dominant systematic errors. By
measuring the ratio of cross sections in real time, it is clear that substantial cancellation of
systematic errors occurs. However, to achieve 1% accuracy on sinzew' systematic errors

are still important.



Table II

Cause Error in %
1. Decay in Flight 0.12
2.  Cosmic Rays 0.01
3. v.-O 0.50
4. Promptyand = from neutron interactions 0.65
5. Delayea e from n-induced n* decay 0.01
6. Measurement of PSR spill shape 0.15
7.  Systematic time shift 0.08
8. Absolute threshold energy 0.40
9. Nonuniform etficiency 0.10
Total systematic error 0.94
(added in quadrature)
Total statistical et~ 1.60
Total error in R 1.86
Total error in sin20,, 0.89
Other Measurements

This expeniment has been designed to perform a measurement of neutrino electron
scattering as # critical test of the electroweak theory; the facility is sufficiently versatile,

however, that a number of other tests may be performed. We discuss them briefly below.



The neutrino flux from the beam stop is known to about 5% presently from calculation ana
subsidiary measuremsnts. [t is expected that this uncertainty can be reduced by about a
factor of two by improvements in the input-particle-production data and appropr.ate

subsidiary measurements. With this information, the absolute cross sections can be

determined for u and v, scattering. If the neutrino has a magnetic moment, the electron-

scattering cross section is enhanced by
AG = ra?/me? f2 [In(EWEMIN) - | + E,Min/E, ]
no2/me2 = 2.49 x 1025 cm?2.

The enhancement is almost energy-independent in contrast to the electroweak
prediction , which varies linearly with energy. It is expected that the cross section will be
measured to 3% , and also that the relative effect of a magnetic moment is greater than at |
GeV where the best present Limit has been obtained. (his limit of 0.85 x 10" bohr
magneions is expected to improve by a factor of 10 to 20. The charged-radius limit is
proportional to energy as is the Standard Model cross section so that < 2>is ex, ected to
improve by about a factor of five.

As was emphasised above, v, are produced about 0.1% of the time in the beam
stop. The dominant reaction by which v, interact is

ve+p-+e++n

on free protons in the water. The predominant process by which electrons appear at wide

angles from the neutrino direction is

16



where the electrou energy is limited to 30'MeV. The basic strategy of an oscillation search
from the beam stop is to search for electrons of energy greater than 30 MeV at wide angles
to the neutrino direction. This is presently being done in experiment E645 at LAMPF.
This oscillation search for v, — v, will be limited by the background reaction

Ve +180 -¢ + 18l-'

with 30 at 0.2% of normal oxygen in watcr. The background level will conservatively
limit sensitivity at the levels shown in Fig. 11.
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Figure 11.



There are a series of other oscillation constraints that emerge from this experiment from a

distortion of the ratio R if Vu = Ve, arising from the fact that neutral-current scatterings of

these two neutrinos differ by a factor of six. In the neutral-current sector this experiment is

insensitive to Vu = Ve oscillations because the two cross sections are equal. The radial

dependence of the charged-current cross section also gives a disappearance limit for v, with
the sensitivity peaking at about 3 eV2 . Each of these possibilities is described in detail in
Ref. 3.

The charged-current cross section on 160 has also become of interest recently with
the possibility that discrepancies in the abundance ¢ ght elements can be resolved by
postulating effects due to neutrino interactions in supernovae?. The absolute cross section
measured in this experiment is an important constraint on these rmodels.

Solar neutrino detectors have been proposedS, which rely on the charged-current

CTOSS section

+
ve+D—»e + N+ N

Althcugh this cross section is relatively amenable to calculation, it would cizarly be of
interest to measure it directly as could be d »ne by inserting a ransparent enclosing vessel
for deuterium in the style of the experiment of Ref. §.

This detector is an excellent supernova detector, using the neutrino interactions as in
the Kamioka and IMB detectors. It turns out that the rate of electrons from a supernova of
the intensity of SN1987A is in excess of the rate for the normal experiment so that if the
challenge of data acquisition can be surmounted, this experiment would be more seasitive
than Kamnioka by about a factor of two. It is not necessary to bury the detector deeply for
supernova neutrino detection.

It is tempting to go on listing the opportunities that a flavor-scparable calibrated
source of neutrinos offers but perhaps enough has been said. Clearly we are very excited

that this opportunity exists and hope that this physics appears in a timely fashion.
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